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ABSTRACT

An experimental investigation of the flow field of a hovering helicopter

. rotor was initiated at Mississippi State University in 1970. The initial

results of this work were reported in USAAMRDL TR 72-33. The current
report presents additional experimental results obtained during a contin-
uation of the rotor flow study. The experimental measurements ware
performed on the Mississippi State University rotor whirl tower which
was equipped with a 33.5-foot diameter, OH-23B two-bladed rotor. The
measurements consisted primarily of velocity surveys of the rotor inflow
and wake with measurements below the rotor being confined to the region
just below the blades. Some experiments were also performed to determine
boundary layer flow phenomena by use of the chemical sublimation technique.
Radial distributions of thc mean values of the inplane and axial velocity
components of the flow at various levels above and below the rotor are
presented in the current report in plotted and tabulated form for three
test conditions and for blade azimuth increments of 45 degrees. Examples
of instantaneous local flow phenomena are also presented with emphasis

on local flow characteristics across the helical tip vortices. Analysis
of the experimental data included investigations of the tip vortex
structural characteristics and path coordinates for each test condition.
The results of the blade sublimation tests were used to examine the
three-dimensional spanwise characteristics of the boundary layer as
affected by rotation, Reynolds number, and induced flow field. A
scarcity of comparable experimental data emphasized a need for continued
investigation of rotor flow fields and boundary layer phenomena for

both large and small rotors of variable geometry and modes of operation.
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INTRODUCTION

This report presents experimental results from an investigation of

the flow about a hovering helicopter rotor. The investigation was
initiated at Mississippi State University in September of 1970, with
the results cf the first year of study being reported in Reference I.
The results contained herein were obtained during a period of continued
investigation which extended through August 1973. ]

The major effcort of this work was directed toward the acquisition of
three-dimensional velocity data in the flow surrounding the rotor.

The work was considered of importance since experimental measurements
of the wakes of both aircraft wings and rotors have been very limited
in the past, and since recent developments in the helicopter and fixed-
wing fields have indicated a need for better understanding of the

wake properties of lifting aerodynamic surfaces. Also, the test data
should be of value since current knowledge of helicopter wake character-
istics is based to a large extent upon observed phenomena rather than
direct measurements. Additionally, the lack of full-scale rotor wake
data has in the past prohibited a full evaluation of the scale effects
between model and full-scale rotors.

Because of the apparent need for full-scale wake data, it was the
objective of the current study to obtain velocity measurements of the
rotor inflow and wake which would provide definition of the major E
characteristics of flow in the near field of the rotor. Particular j
emphasis was to be placed upon obtaining a description of the trailing
vortex properties. In addition, it was desired that experiments be
conducted during the course of the investigation to determine the

nature of the flow on the surface of the rotor blades by use of the
chemical sublimation technique. In these tests, boundary layer transition
phenomena would be observed, and various chemicals evaluated for this
purpose. The effects of wind on the rotor wake were also of interest
since previous measurements had shown the wake to be sensitive to small
crosswinds.

&

The velocity data obtained during the current investigation are presented
in tabular form in Appendixes I and II. These tables give the time-
averaged values of total and component velocity magnitude for three test :
! conditions of the rotor and for four blade azimuth angles. Standard 1
i deviations of total velocity magnitude and direction at each measurement :
station in the flow are also presented in the tables. Examples of

these data are presented in plotted form as are samples of local instan-
taneous flow velocities measured at selected points in the flow above
and below the rotor. Measured properties of the rotor tip vortices

are also presented in addition to the results of the blade boundary
layer investigation.

Evaluation of the vortex data obtained during the investigation with
respect to data from other sources was limited to comparisons of the

e L e




tip vortex path coordinates with the generalized equations of Reference
2. The lack of comparable experimental data further emphasized the
need for continued experimental research with rotors of various size,
disk loading, and geometry.

The rotor flow investigation was the first performed on the rotor whirl
tower at Mississippi State University. As a result, the tower and

data acquisition instrumentation and data reduction systems were being
used for the first time. The experience gained in this initial effort
has indicated several ways in which the instrumentation, test procedures,
and data reduction systems could be improved. Some modifications of

the test procedure and computer program were made during the course

of the investigation, but current results suggest that further refinements
could be made to improve the quality of the data. For example, the
time-averaged velocity data indicate that the time interval of measure-
ment at each station in the wake should possibly be increased. Also,

the velocity data obtained to determine the characteristics of the
trailing tip vortices did not produce the quantity of data expected
which was suitable for the analysis, thus indicating a need for further
improvement of the test procedure. Another significant improvement

in future programs will result by utilization of the UNIVAC 1106 computer
for plotting of the data, a capability that became available during

the course of the present investigation. Some uncertainty yet exists
regarding the accuracy of the tower and anz2mometer instrumentation,

but it is expected that these uncertainties can be resolved through
modifications of the tower equipment and by the development of improved
calibration techniques for the anemometer probe.

The current investigation was limited to the acquisition of the experi-
mental data and presentation of the results. A theoretical analysis of
the wake was beyond the scope of the present program.
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TEST FACILITY AND INSTRUMENTATION

WHIRL TOWER AND ROTOR INSTALLATION

All tests were conducted on the Mississippi State University rotor whirl
tower. This facility was equipped with an OH-13E helicopter engine and
drive assembly which was mounted on a load cell arrangement at the top
of the tower. The test rotor consisted of standard unmodified OH-23B
blades which were adapted to the OH-13E hub. A gantry tower, mounted
on railroad tracks, provided access to the upper tower structure and
rotor blades. The facility was conaidered well-suited for the present
investigation because its height and small upper diameter were expected
to minimize interference effects of the ground plane and tower on the
test data. Actual height of the test rotor above the ground plane was
67.92 ft. A photograph of the tower and gantry is shown in Figure 1.

Characteristics of the test rotor were as follows:

disk area 881.41 sq ft
number of blades 2.0

3 radius 16.75 ft
root chord 1.146 ft

‘ tip chord 0.844 ft
airfoil section (root) NACA 0018, (tip) NACA 0012
geometric twist =4.0 deg
root cutout 0.056R
blade weight (each) 86.0 1bs -
solidity 0.0357
blade area (each) 15.73 sq ft

The two test blades were matched with one exception. Although both blades
were twisted -4 deg (tip down), the root incidence of one blade was 0.25
deg higher than the other. Compensation for this discrepancy was obtained
by adjustment of the pitch links of the assembly until no discernable
differences of tracking of the two blades could be detected. Tracking
was accomplished by using a strobe flash unit at night with small
reflectors attached to the blade tips.

The tower hardware included an instrumentation boom which was used to
support the anemometer probe in the wake. For wake measurements, the

i iilleni S it e s e




boom was attached to a vertical framework which was welded to the tower.
The installation was designed so that the boom could be raised or lowered
to a number of predetermined vertical locations below the rotor.

Measurements above the rotor required that the instrumentation boom be
attached to the access gantry. In this case, the anemometer probe was
fixed to the end of the boom as shown in Figure 2, aud the boom was
tilted in the vertical plane to position the probe at a desired height
above the rotor disk. With this arrangement, the entire track-mounted
gantry and boom assembly could be moved inward or outward with respect
to the tower to locate the probe at a desired radial station in the flow.

The load cell arrangement upon which the engine and rotor assembly were
mounted provided the means of measuring rotor thrust and torque. The
control room of the tower was equipped with standard helicopter instru-
mentation, thrust and torque meters, a binary counter system for measuring
rotor rpm, and a calibrated instrument for blade pitch measurement. The
instrumentation also included a wind direction and velocity recorder.

ANEMOMETER SYSTEM

The anemometer used for velocity measurements was a Thermo-Systems, Inc.
Model 1080 "total vector" system consisting of a single probe and a
control circuit assembly. The velocity-sensitive elements of this
anemometer consist of three sensor rods, each of which is a split-film
sensor. The rods of the sensor head are orthogonally-mounted to form

a cone containing a single temperature sensor. Diameter of the base
of the sensor cone is approximately 0.3 in. The components of the
anemometer system are shown in Figure 3.

The anemometer operates on 110 volts ac and provides six simultaneous
velocity-dependent voltages and one 0-to-5-volt analog temperature signal.
These voltages allow computation of the magnitude and direction of the
instantaneous velocity vector over a solid angle of 360 deg in a three-
dimensional flow field. Calibration constants and data reduction equa-
tions are supplied by the manufacturer. Advertised characteristics of
the system are as follows:

frequency response 750 Hz

velocity range 0-to-300 ft/sec

sensitivity 0.1 ft/sec

spatial resolution less than 0.5 in , spherical

For wake measurements, the probe was mounted vertically in the flow on
a motor-driven traversing mechanism which was used to position the probe
at selected radial stations across the wake.

Sk o s




ADDITIONAL DATA ACQUISITION AND REDUCTION INSTRUMENTATION

In addition to the anemometer, the data acquisition and reduction
instrumentation consisted of a 7-channel magnetic tape recorder, two
signal conditioners, the binary counter, a data relay box, an HP Model
5610A A/D converter, and an HP Model 2114A computer. A block diagram
of the components of the system is shown in Figure 4.

Data signals from the anemometer probe were routed through one of the
signal conditioners prior to the recording of these signals on magnetic
tape. Signal conditioning consisted of adjusting the probe output
voltages to values consistant with the acceptable voltage range of the
tape recorder. After conditioning, the data signals were passed to the
data relay control box which, in turn, passed the signals to the recorder.
The data relay box automatically terminated recording of data after a
pre-selected number of revolutions of the rotor. The purpose of the
binary counter was to count the number of revolutions of the rotor and
to provide the data cut-off signal. The counter also provided digital
display of rotor rpm. The second signal conditioner was used to boost
the voltage of the blade position reference signal obtained from a
magnetic pick-up on the rotor shaft.

In the data reduction procedure, the recorded data signals were fed into
the A/D converter and directly processed by the computer.

e i e
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CALIBRATION OF INSTRUMENTATION AND ACCURACY OF DATA

THRUST MEASUREMENT

The thrust-measuring system of the whirl tower consisted of 4 load cells
which supported the entire engine and rotor installation. The total
thrust of the rotor was determined by summing the loads calculated from
the output of these cells. Calibration data for each load cell were
supplied by the manufacturer.

The overall accuracy of the system was checked prior to tests by a
static calibration procedure consisting of the application of known
vertical loads to the engine-rotor assembly. The results were used to
correct indicated thrust values for system error.

A possible source of error was anticipated to be due to changes of mechan-
ical friction in the system with the rotor operating. Since no feasible
means of calibrating the system for dynamic error was available,

measured performance of the rotor was compared to helicopter performance
data from other sources for similar operating conditions of the rotor

and engine. The results indicated that dynamic errors were relatively
small, although some uncertainty remained because of the inability to
determine these errors by direct calibration.

BLADE PITCH AND ANGULAR VELOCITY

Blade pitch measurements were made by use of a calibrated indicator con-
nected to a potentiometer on the swashplate of the rotor. The indicator
was calibrated by measuring the true blade collective pitch angles with
a propeller protractor. Angular velocity of the rotor was obtained
from the digital display of the binary counter output. Accuracy of the
system was checked by comparing the indicated angular velocity of the
counter with that of a rotating test assembly. An electronic strobe
flash unit was utilized to determine the true angular velocity of the
test assembly. A second check of the binary counter system could be
obtained by comparing its output to the indicated rpm of the calibrated
helicopter engine tachometer that was included in the standard instru-
mentation of the whirl tower. This latter instrument had previously
been calibrated on a standard aircraft instrumentation test stand.

PROBE COORDINATES

Vertical positioning of the anemometer probe in the wake was accomplished
by raising or lowering the instrumentation boom. The attachment points
of the boom to the tower were predetermined by direct measurement.

Prior to each test, the boom was leveled and probe alignment carefully
checked.

Radial position of the probe was determined by two methods. The first
of these utilized a potentiometer which was attached to the traversing
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mechanism of the probe in a manner which would provide an indication of
radial position. It was found, however, that precise positioning of the
probe could be accomplished more readily by the use of a number of micro-
switch actuators distributed along the track of the traverse system.
Actuation of a micro-switch on the traversing carriage provided a signal
(indicator light) that the probe was "on station".

In measuring the inflow velocity data, the vertical height of the probe
was fixed by adilusting the orientation of the instrumentation boom with
respect to the rotor. During these tests, however, the radial position of
the anemometer probc was adjusted by moving the entire access gantry and
boom installation either inboard or outboard with respect to the tower.
Reference marks on the tracks of the access gantry provided a means of
accurately positioning the probe at specific radial statioms.

ANEMOMETER SYSTEM

Perhaps the largest source of error in the velocity measurements was
associated with the anemometer system. Wind tunnel and other tests that
were conducted to calibrate the system revealed that accuracy of the
velocity data was strongly related to the orientation of the probe sensors
with respect to the direction of the flow. Best accuracy was obtained .
when the probe shank was aligned with the flow direction. For other
1 orientations, the errors associated with velocity magnitude and dipection
varied, and the tests conducted failed to produce a correlation between
the magnitude of these errors and orientation of the probe.

v

In the calibration tests of the anemometer svstem, all of the equipment
and procedures of data acquisition and reduction that were to be used in
the whirl tower tests were utilized. As a result, it was possible to
estimate the overall accuracy of the velocity data based on the largest
errors obtained from the wind tunnel calibration tests. b
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Since the data signals of the anemometer probe were conditioned prior to E
the recording of these signals on magnetic tape, it was necessary to .
record calibration voltages for each data channel before the recording of
test data. These calibration voltages were carefully measured with a
digital voltmeter. Zero-velocity nutput of the probe was also checked

i and recorded prior to each test so that any change of the probe charac- a
! teristics which might have occurre:i since the previous test could be ‘
: detected.

On several occasions it was necessary to clean the sensor elements of |
the probe because of contamination. In the interval of time between the i
inflow measurements and wake survey measurements, the probe and control :
box were returned to the manufacturer for reconditioning and recalibration.

ACCURACY OF TEST VARIABLES ' :

Estimates of the accuracy of the rotor test variables were obtained
from calibration data and a series of tests that were conducted to
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determine the repeatability of rotor thrust coefficient as affected

by the degree of accuracy to which rotor speed and collective pitch
could be set to specific values during repeated test runs. The results
were as follows:

Thrust cvefficient (CT)
Dynamic repeatibility (Test Condition 1) £ 0.000011
(Test Condition 2) * 0.000019

(Test Condition 3) + 0.000009

Overall accuracy (All Conditions) + 0.0350T
Collective pitch (0) t 0.25 deg
Tip speed (fR) + 10.0 ft/sec

It should be noted that the effects of wind on measured thrust and rotor
speed were appreciable at times. These effects were considered in
estimating the accuracy of thrust coefficient and tip speed.

The degree of accuracy by which the anemometer probe could be positioned
at a specific location in the flow was determined in terms of the non-
dimensionalized probe coordinates. The results included the effects of
vibration and oscillation of the instrumentation boom due to impingement
’ of the non-steady wake on the cantilevered structure.

Probe position

x/R (radial coordinate) + 0.00062

z/R (vertical coordinate) + 0.0075

ACCURACY OF VELOCITY MEASUREMENTS

As mentioned previously, the accuracy of the anemometer system could be k
estimated only on the basis of available wind tunnel calibration data

and from the advertised accuracy of the system. Also to be considered ’
was the fact that probe characteristics were observed to vary somewhat 1
during the test period because of contamination of the sensors and changes
of environmental conditions, especially humidity. The advertised accuracy
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